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Asiatic lilies (Lilium spp.) are one of the nine primary groups of commercial hybrid lilies and contribute numerous cultivars with a wide variety of flower shapes, sizes, and colors. Traditionally, Asiatic lilies were grown as cut flower crops. Through breeding, however, short stemmed cultivars are now successfully used for pot plant forcing. Most cultivars can be stored at sub-freezing temperatures of -1.8 °C for extended periods. Hence, many Asiatic lily cultivars may be produced year-round as long as temperatures and light levels can be controlled (Beck, 1988; De Hertogh, 1996) .
For many years researchers have investigated the effects of temperature on plant development. The quantification of environmental variables and the formulation of mathematical models have provided growers of agronomic crops with techniques for predicting maturity of a wide range of commodity crops such as wheat (Triticum aestivum L.), maize (Zea mays L.), and soybeans (Glycine max Merrill) and various vegetables (Arnold, 1959; Yang et al., 1995) . Similarly, the effect of environmental variables and its modeling were studied on Easter lilies (Fisher et al., 1997; Lieth and Carpenter, 1990) , dahlias (Brodum and Royal, 1993) , Senecio ×hybridus (Larsen, 1988) and roses (Pasian and Lieth, 1994) . Steininger et al. (2002) reported that an extension of the traditional thermal units formula to take into account nonlinearities was successful in predicting development of miniature roses even at higher temperatures. The objective of this research was to estimate the thermal units requirements and to test the modified model by Steininger et al. (2002) for Asiatic lilies cultivars Butter Pixie and Horizon. We further aimed to use this model as a tool that will allow growers to monitor crop development and timing for pre-determined dates.
Materials and Methods
Standard commercial grade bulbs (40-50 mm diameter) of two cultivars, Butter Pixie and Horizon, were individually planted in 15-cm-diameter (1.8-L) round standard plastic containers. In 1995, planting dates were 1 Feb., 3 Mar., 4 Apr., 6 July, and 6 Oct.; in 1996, 27 Jan. and 6 Oct.; in 1997, 17 Jan. and 3 Apr. Plants were grown in glass greenhouse (Columbus, Ohio, lat. 40°N, under natural light conditions) using a commercial potting medium (Metro-Mix 360, Scotts-Sierra Hort. Products Co., Marysville, Ohio) containing horticultural vermiculite, Canadian sphagnum peat, processed bark ash, and washed sand. The containers were filled to a height of 3 cm with potting medium before planting the bulb. Once the bulb was placed on top of this initial layer of media, the container was then filled. This procedure ensured that all bulbs were located at approximately the same height in the medium and had sufficient medium covering the bulb to allow the plants to develop stem roots (De Hertogh, 1996) .
Bulbs were planted, containers tagged, and after watering moved into four different greenhouse compartments for temperature treatments. A computerized environmental control system of the greenhouse was utilized to maintain temperatures within certain limits in the four compartments. Low temperature observations were only made from November throughout April each year in a compartment that had a temperature set point of 5 °C. The other treatments were conducted simultaneously in all compartments year-round and the temperature set points for these compartments were 15 °C, 25 °C, and 30 °C. The recorded air temperatures were used in all calculations because actual temperatures varied substantially from set points, especially during the summer months.
Data loggers (On-site Weather Logger, EME Systems, Berkeley, Calif.) were used to measure and log average hourly air temperature. Copper-constantan thermocouples were connected to data loggers and used as temperature probes at 5 cm above the canopy. Each thermocouple was protected from direct sunlight with an aluminum foil shield.
Plant inspections were conducted daily at 1700 HR and the development of plants was recorded. Observations were based on visual examination of the plant. The definition of each developmental stage was adapted from previous work Lieth, 1994,1996; Steininger et al., 2002) . Asiatic lily development consists of phases marked by specific, observable phenological events (Table 1) (Table 1) .
Observations were made on 282 'Butter Pixie and 284 'Horizon plants on six crops grown from mid-1994 through 1997. As a consequence, plants were grown under different photoperiods and light integral conditions (different seasons).
Plants were fertilized with 20N-4.3P-16.7K (Scotts-Sierra Hort. Products Co., Marysville, Ohio) liquid fertilizer at a concentration of 1 g·L -1 . Plants were irrigated by hand as needed.
Estimation of base temperatures. Daily rates of development (R) reflecting the fractional amount of development per day were estimated by calculating the reciprocal of the number of days a plant required to complete a given phenophase. Rates of development were related to the average air temperatures T j with the following equation:
where T b is the base temperature, T i is the temperature at which the slope changes (Steininger et al., 2002) . If the slope of the regression line when T j >T i is negative, T i represents the optimum temperature for development (T o ). The parameters a 0 , a 1 , b 0 , and b 1 are empirically determined and may be specific to a genotype and a given developmental stage (Jamieson et al., 1995; Summerfield et al., 1991) . Base temperatures were calculated using the formula:
To determine whether each data set presented nonlinearity in temperature response (T i ), two linear regression models were fitted simultaneously. That amounted to a nonlinear piece-wise least squares regression with random change point. All fittings were done with the S+ (Statistical Sciences, Seattle) statistical package. Because of nonhomogeneity (nonconstant variance), weighted least squares were used with weights inversely proportional to the variances. T i was calculated using the formula:
where a 0 and a 1 represent the y intercepts and b 1 and b 0 represent the slopes of the two fitted lines. The statistical procedure bootstrap was used to obtain SEs for the estimates and confidence intervals for the temperature limits (Efron and Tibshirani,1993) .
Thermal units calculation. In order to consider potential nonlinearities of the data (i.e. decreasing rates of developments with increasing temperatures above a given temperature), thermal units were calculated using an extension of the traditional thermal unit formula determine the magnitude of the discrepancy (in number of days) between the occurrences of these average thermal unit thresholds and the observed date of the event.
Predictions were tested using two methods: 1) average method, where only the T b and TU summations for the entire phenophase VS:OF were used, and 2) additive method, where T b and TU summations for each of the phases VS:VB and VB:OF were used. In the additive method, the predicted dates of VB for the phenophase VS:VB were used in turn as the "observed" dates of VB for calculation of OF occurrence. The mean error of prediction was calculated by averaging the absolute values of the difference between observed date and predicted date.
Results
Rates of development for Asiatic lilies increased with increasing mean air temperatures (Fig. 1) . For all phenophases, a nonlinearity was obvious at 25 °C for 'Horizon and 27 °C for 'Butter Pixie . For the phenophase VS:VB of 'Butter Pixie and 'Horizon , increasing temperatures beyond 28.7 °C and 25.2 °C, respectively, resulted in decreasing rates of development (Fig. 1) . A high variability in development rates was observed for the phenophase VS:VB of both cultivars.
T b is represented by the intersection of the regression line for T j < T i and the x-axis (Fig. 1) . T b for the three phenophases of 'Butter Pixie were negative (-1.0, -2.6, and -0.4 °C) while they were positive (1.9, 3.6, and 3.0 °C) for 'Horizon (Table 2) .
'Butter Pixie had a temperature for fastest development (T o ) for the phenophase VS:VB (Fig. 1) , but not for phenophase VB:OF where only nonlinearity (T i ) was evident. In contrast, T o was found for both phases, VS:VB and VB:OF for 'Horizon (Fig. 1) . The decrease in development rate (negative slope) above 28.7 °C for the phenophase VS:VB of 'Butter Pixie was 55% of the rate of increase at temperatures below T o (Table 2 ). In contrast, when the temperature was above 25.7 °C for phenophase VB:OF, the development rate increase (still a positive slope) was 47% of the increase below T i . The rate of development for 'Horizon above 25.2 °C (T o ) was very similar to the rate of increase below such temperature for the phenophase VS:VB (Table  2) . For the phenophase VB:OF, development rates declined only by 20% (Table 2) .
'Butter Pixie required more TUs to complete the phenophase VS:OF than 'Horizon : 1102.2 °Cd ± 86.4 °Cd vs. 833.2 °Cd ± 60.6 °Cd, respectively (Table 2 ). This is consistent with the observation that 'Horizon blooms earlier than 'Butter Pixie when grown in the same environment.
The average error of prediction for 'Butter Pixie (± 2.13 d) was slightly smaller than for 'Horizon (± 2.39 d) when predicted dates were calculated using the average method. When the additive method was used, the average error of prediction was the same (± 1.86 d) for both cultivars (Table 3) . As indicated by their standard rate of deviation (SD), variability was large. The model can be considered unbiased because the prediction error is similar at any time of the year regardless of environmental conditions, i.e. natural light levels, photoperiod, and varying temperature regimes (Fig. 2) .
Discussion
These results are in agreement with other reports showing that ambient air temperature has a strong effect on plant development (Baker and Gallagher, 1983; Grace, 1988; Karlsson et al., 1991) . For both lily cultivars, either a T o or T i was found (Fig. 1) developed by Steininger et al. (2002) :
where TU are the thermal units accumulation with units of degree day (°Cd), k is the ratio (<1) of the slope of the regression line at temperatures higher than T i and the slope of the regression line at temperatures lower than T i and t is time. The function for T j < T i is the typical thermal units formula. TU accumulated during the phenophases VS:VB, VB:OF, and VS:OF of each plant were calculated using equation [2] . An average was then computed for each of these phenophases, yielding the average number of thermal units needed to reach the events VB or OF. Using these averages, the data were re-analyzed to temperatures than miniature roses where no T o or T i were found even after growing the plants at high temperatures (Steininger, et al., 2002) . Brodum and Heins (1993) found that the optimal temperatures for dahlias for the stages pinch-to-visible-bud and from visible-bud-toflower were 20.3 °C and 22.0 °C respectively. These values are lower than the temperature values at which nonlinearity (T i )occurred for both Asiatic lilies studied in this work: 28.7 °C and 25.7 °C for 'Butter Pixie and 25.2 °C and 25.7 °C for 'Horizon (Table 1) .
Although decreasing rates of development with increasing temperatures are always mentioned in the published literature, there are few examples demonstrating such plant response to temperature (e.g. Brodum and Heins, 1993; Karlsson et al., 1991; Slafer and Rawson, 1995) . Development rates as a function of mean air temperature presented in this work are among those few that allow the determination of an optimal temperature for development (T o ). The maximum temperature for development still remains elusive. No published report was found that showed data from which this cardinal temperature could have been estimated. All our attempts to grow plants at temperatures at, or above, 35 °C resulted in seriously damaged (i.e. chlorotic, no growth, etc.) or dead plants. We speculate that developmental rates at such high temperatures fall abruptly due to plant stress. Therefore, the assumption that the second phase of the model (above T o or T i ) is linear, would be only an approximation. The scope of use of this model is below 35 °C.
For different crops, T b can vary from -1.9 °C for wheat (Triticum spp.) (Slafer and Rawson, 1995) to 15.5 °C for cucumber (Cucumis sativus L.) (Perry et al., 1986) . T b found in this work for Asiatic lilies fall at the low end of such temperature spectrum: -0.4 for 'Butter Pixie and 3.0 °C for 'Horizon . These low T b support the observation that Asiatic lilies are tolerant of cool growing environments.
Overall, the error in prediction herein was small and model behavior was unbiased regarding time of the year of application. For Asiatic lilies, the additive method of prediction was superior to the average method. This is further evidence supporting previous hypotheses that shifting temperature limits and TU parameters can change during plant development (Slafer and Savin 1991; Slafer and Rawson, 1995; Wang, 1960) . If these results are validated with an independent data set, this TU model can be used for greenhouse temperature manipulation and timing of Asiatic lilies. Although fastest temperatures for development of Asiatic lilies were determined in this work, the optimal temperature for plant growth and quality is most likely lower: plants grown for this research at temperatures close to T o were of poor commercial quality with respect to plant size and flower appearance.
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